Abstract. The respiratory response of plants to temperature is a critical biotic feedback in the study of global climate change. Few studies, however, have investigated the effects of environmental stresses on the short-term temperature response of dark respiration (R dark ) at the leaf level. We investigated the effect of shade and transient drought on the temperature sensitivity (Q 10 ; the proportional increase in respiration per 10 C increase in temperature) of R dark of Geum urbanum L. in controlled experiments. Shade effects were most pronounced following sustained, near-darkness, when rates of leaf R dark at a set measuring temperature (25 C) and the Q 10 of R dark were both reduced. By contrast, rates of leaf R dark and the Q 10 of R dark both increased in response to the onset of severe water stress. Water stress was associated with a rapid (but reversible) decline in rates of light-saturated photosynthesis (P sat ), stomatal closure (g s ) and progressive wilting. Re-watering resulted in a rapid recovery of P sat , g s and a decline in the Q 10 of R dark (due to larger proportional reductions in the rate of R dark measured at 25 C compared with those measured at 14 C). The concentration of soluble sugars in leaves did not decline during drought (5-7 day cycles) or shading, but during drought the starch concentration dropped, suggesting starch to sugar conversion helped to maintain homeostatic concentrations of soluble sugars. Thus, the drought and shade induced changes in R dark were unlikely to be due to stress-induced changes in substrate supply. Collectively, the data highlight the dynamic responses of respiratory Q 10 values to changes in water supply and sustained reductions in growth irradiance. If widespread, such changes in the Q 10 of leaf respiration could have important implications for predicted rates of ecosystem carbon exchange in the future, particularly in areas that experience more frequent droughts.
Introduction
Respiration (R) by leaves plays an important role in determining the growth and survival of plants as it produces much of the energy and carbon skeletons required for biosynthesis and cellular maintenance. Respiratory energy production is coupled to the release of large amounts of CO 2 into the atmosphere (60 Gt C y À1 ), being near six times that released by anthropogenic sources (9.9 Gt C y À1 , Prentice et al. 2001; Canadell et al. 2007) . Globally, the annual rate of net carbon uptake (i.e. photosynthesis minus plant R) by plants is~63 Gt, making the terrestrial biosphere a net carbon sink. However, photosynthesis and leaf R respond differently and non-linearly to environmental variation (Dewar et al. 1999; Melillo 1999 ) and climatic changes (e.g. such as increasing frequency of droughts, IPCC 2007) may thus have strong non-linear effects on the carbon balance of plants, potentially resulting in a positive feedback to global warming (Cox et al. 2000) .
In contrast to photosynthesis, leaf R is still poorly represented in global circulation models. In such models (e.g. Ryan 1991; Schimel et al. 1997; Cox et al. 2000; Cramer et al. 2001) , leaf R is often assumed to increase in a simple exponential manner in response to temperature, with a Q 10 (temperature sensitivity of R; the proportional increase in respiration per 10 C increase in temperature) of 2.0. In reality, however, the Q 10 is highly dynamic and dependent on measurement temperature (Azcón-Bieto et al. 1994; Atkin et al. 2000; Tjoelker et al. 2001; Atkin and Tjoelker 2003) , reflecting the shift in the control exerted by maximum enzyme activity at low temperature and substrate and/or adenylate limitations at high temperature (Atkin and Tjoelker 2003) . Q 10 values are likely to be highest in tissues containing non-limiting availability of respiratory substrates and/or high rates of ATP turnover CoveyCrump et al. 2002) . Because of this, Q 10 values have the potential to vary in response to environmentally-induced changes in substrate supply (e.g. due to shade or drought induced changes in photosynthesis) and/or energy demand (e.g. resulting from water-stress induced increases in protein turnover and/or maintenance of ion gradients; Atkin and Macherel 2009) .
When measured at a single, moderate temperature (e.g. 25 C), rates of leaf R measured in darkness (R dark ) are typically lower in plants experiencing sustained shade than plants grown under high irradiance (Boardman 1977; Sims and Pearcy 1989 , 1991 Noguchi and Terashima 1997; Lusk and Reich 2000; Noguchi et al. 2001 Noguchi et al. , 2005 Zaragoza-Castells et al. 2007 . Shadeinduced reductions in leaf R dark could reflect reductions in substrate supply (Azcón-Bieto and Osmond 1983) and/or a decline in overall respiratory capacity under shaded conditions (Noguchi et al. 2001) . How might such changes impact on Q 10 values of leaf R dark ? On one hand, Q 10 values are likely to decrease in response to decreased substrate availability and/or increased adenylate restriction of mitochondrial electron transport Covey-Crump et al. 2002) . On the other hand, Q 10 values could increase if shade reduces respiratory capacity by a greater proportion than substrate supply/adenylates (Atkin and Tjoelker 2003) . This divergent range of Q 10 responses to shade may explain why there is currently a lack of consensus regarding the impacts of contrasting growth irradiances on the Q 10 of leaf R dark . For example, in some studies, the Q 10 of leaf R dark is greatest in the shaded lower canopy Turnbull et al. 2003) . In contrast, Bolstad et al. (1999) reported no consistent trend of Q 10 values with respect to canopy position. Similarly, no evidence of irradiance-mediated changes in the Q 10 leaf R dark have been found in recent studies using herbaceous plants, and deciduous and evergreen tree species where substrate concentrations remained similar in high and low-light grown plants (Hartley et al. 2006; Armstrong et al. 2007; ZaragozaCastells et al. 2007 ZaragozaCastells et al. , 2008 .
Drought is another abiotic factor that has the potential to impact on leaf R via its inhibitory effect on stomatal opening and photosynthetic CO 2 fixation (with the result that substrate supply to mitochondria is potentially reduced) and/or via increasing the demand for respiratory energy (to support cytosolic and chloroplast metabolism, (Hoefnagel et al. 1998; Flexas et al. 2005; Atkin and Macherel 2009) . Thus, drought has the potential to decrease, increase or have little effect on rates of leaf R measured at a common temperature. In two-thirds of studies assessing the effect of water stress on respiration rates of mature, fully expanded leaves, rates of R dark decreased following imposition of water stress Atkin and Macherel 2009) . Examples include studies by Brix (1962) , Escalona et al. (1999) , Callister and Adams (2006) and Galmés et al. (2007) . A further 30% of studies show no difference in rates of leaf R dark exhibited by water stressed and control treated plants (see Atkin and Macherel (2009) for a full list), while a small number of studies have reported increases in rates of leaf R dark when plants are drought treated (Collier and Cummin 1993; Zagdanska 1995; Flexas et al. 2005) . Given the variability of responses to drought, there is an urgent need for further studies quantifying the responses of leaf R to drought, and how leaf R changes during recovery from drought. Moreover, although there are reports of Q 10 values differing between high and low rainfall sites (Turnbull et al. 2001) ; no study yet has investigated whether drought per se directly affects the Q 10 of leaf R dark .
Given the importance of leaf respiration for plant growth and survival, ecosystem CO 2 exchange rates, and future atmospheric CO 2 concentrations, it is vital that the impact of variations in water supply and growth irradiance on leaf respiration R dark , and its temperature sensitivity, be more fully understood. With this in mind, this study investigated responses of leaf R dark of a broadleaved herbaceous species (Geum urbanum L.) to transient shade and sudden, transient drought imposed on glasshouse-grown plants growing in pots. G. urbanum is a species found in mesic, moderately shaded woodlands or partly shaded hedgerows (Taylor 1997) and has its maximum growth rate at 50% of ambient light (Blackman and Wilson 1951) . The working hypothesis was that both shade and transient dry spells would reduce the availability of respiratory substrates, thereby making leaf R dark substrate-limited and reduce its Q 10 below the commonly assumed value of 2.0.
In studies quantifying physiological responses to water stress, the onset of drought is often assessed in terms of changes in soil water potential, extent to which soils are saturated by water (proportion of field capacity), leaf relative water content (RWC) and finally leaf water potential. Flexas and Medrano (2002a; 2002b) and others highlighted the variability in such parameters that can confound interpretation of drought responses. In contrast, quantification of stomatal conductance (g s ) provides a means of integrating the majority of metabolic response to drought, including those resulting directly from reduced cell water content, changes in ABA synthesis and/or changes in hydraulic conductivity (Flexas and Medrano 2002a; 2002b) . Because of this, we chose to quantify the severity of each drought event via measurements of g s .
Materials and methods

Plant material and experimental design
Geum urbanum L. plants were grown from a single batch of seeds in trays with John Innes loam compost No. 2 in a temperature controlled glasshouse in York, UK (53 58 0 N, 1 6 0 W) set to 25 C (AE2 C) and a relative humidity of 70%. During the daytime, plants experienced the prevailing ambient irradiance, with automatic supplementary lighting (400W high-pressure sodium bulbs) being used to provide a minimum of 300 mmol photons m À2 s À1 at a daylength of 16 h. After germination the plants were transferred to individual pots (10.1 cm inner diameter) and after 2 months the plants were randomly assigned to one of three groups: control, shade or drought, with each group consisting of 35 plants. Within a treatment block, all plants were randomly repositioned daily to minimise the effects of any non-uniformity of light on the greenhouse benches. The control plants continued receiving ambient plus supplemented light and daily watering throughout the experiment. Shading was provided by 50% shade cloth for 12 days; as this treatment had no significant effect on photosynthetic capacity, leaf soluble sugars or rates of R dark (see Results), we decided to assess the impact of a further reduction in irradiance (to 75% shading, achieved by adding additional shade cloth) for a further 18 days. Finally, plants were exposed to continuous near darkness (<5 mmol photons m À2 s À1 ) for nine more days to minimise the supply of photosynthates to the respiratory substrate pool. To assess the effect of drought, plants were exposed to two water-deprivation cycles (first 5 days, and then 7 days), with each drought period followed by a recovery phase upon re-watering. The second drought period occurred when, after several days of re-watering in the first recovery phase, plants had visibly regained turgor and stomatal conductance values had recovered to values similar to those exhibited by well-watered controls.
Gas exchange
To gain an insight into how each treatment impacted on photosynthetic capacity and g s , we measured light-saturated net photosynthesis (P sat ) and g s on attached, fully expanded leaves using two cross-calibrated LI-6400 infrared gas analysers (IRGA) in open flow mode (LI-COR, Lincoln, NE, USA). The temperature within the IRGA chamber head was maintained at 25 C for measurements of P sat . The CO 2 concentration of the reference air was kept constant at 400 ppm using the LI-6400 CO 2 controller. To assess the minimal irradiance necessary for measuring P sat , we first generated several light-response curves of net CO 2 exchange (data not shown); based on these measurements, minimal saturating irradiance was found to be 1000 mmol PAR m À2 s À1 . R dark was measured at 25 C (in a 25 C glasshouse) and at 14 C (in a 14 C growth chamber; see below). For respiration measurements, the chamber head of the IRGA maintained the temperature of the leaf being measured at the respective temperatures. All measurements were performed at a relative humidity of 40%.
Chlorophyll fluorescence
Maximum quantum efficiency of photosystem II (PSII), expressed by the ratio of variable over maximum chlorophyll fluorescence (F v /F m ) (Björkman and Demmig 1987) , was measured after at least 30 min of dark acclimation, using dark leaf clips attached to the fibreoptics of a MINI-PAM portable fluorometer (Heinz Walz GmbH, Eiffeltrich, Germany).
Measurement and sample protocol
A daily measurement routine started 2 days before the start of the treatments on 17 February 2004. P sat at 25 C was first measured on four randomly selected plants per treatment, approximately 10 min after the chamber was clamped onto the leaf and the photosynthesis rate had stabilised (coefficient of variation (% CV) <1%). To obtain a dark-adapted value of fluorescence and to avoid post-illumination transients when measuring R dark (Azcón-Bieto and Osmond 1983; Atkin et al. 1998 ), these four plants were then covered with dark cloth for at least 30 min, after which the F v /F m and then R dark were measured after values stabilised (% CV of <1%). To calculate the Q 10 of R dark for each leaf, the plants were then moved in darkness to a temperature-controlled growth cabinet set to 14 C (Snijders Microclima 1750; Snijders Scientific BV, Tilburg, The Netherlands); R dark was then measured at 14 C following a period of temperature equilibration (45-60 min). Although this approach may have resulted in a further decline in R dark compared with the earlier measurement at 25 C due to the larger period of darkness experienced by the plants at the time of measurement at 14 C, this potential error was considered very small due to the relatively low rates of respiration at 14 C. Measurements were made at the same period of the day (typically 10 h after sunrise) throughout the experiment. From these data the R dark /P sat ratio was determined, and the Q 10 was calculated as using:
Soluble carbohydrates and starch
Leaves were destructively harvested for analyses of soluble carbohydrates repeatedly throughout the experiment. From each of four plants per treatment, three fully expanded leaves were frozen in liquid nitrogen, and stored at -20 C. Samples were subsequently freeze-dried and then ground with a hammer mill (31-700 Hammer Mill; Glen Creston Ltd, Stanmore, UK). Soluble sugars (glucose, fructose and sucrose) were extracted and measured as reported previously (Loveys et al. 2003) . Starch was extracted from the ethanol insoluble fraction of the same samples in an a-amylase MOPS solution using a modified megazyme total starch assay (Megazyme Ltd, Wicklow, Ireland) and determined spectrophotometrically at l = 515 nm.
Statistical analyses
All statistical analyses were conducted in SAS 9.1.3 (SAS Institute, Cary, NC, USA). Kolmogorov-Smirnov and Levene's tests were used to test for normality and homogeneity of variances, respectively. As plants were rotated daily within each treatment, individual plants were considered as correlated replicates, i.e. due to their spatial proximity and similarity of the treatments they received, plants measured at t = 1 were considered to be correlated replicates of the plants of the same treatment that were measured at t = 0. To account for the factor time in the analyses, a variance-covariance structure similar to that of repeated-measures models was used. The effect of time on the physiological parameters of the control plants was analysed in a simple mixed model with time as explanatory factor and measurement repetition (four plants were measured per treatment per day) as a random factor inside the repeated statement. We determined the most appropriate covariance matrix to use for each test by maximising a likelihood function and comparing Akaike's information criterion (AIC) among potential repeated-measures structures. The model with the lowest AIC was a spatial power covariance structure that accounted for unequal sampling intervals (Littell et al. 2006) .
To analyse the effects of the treatments on the gas exchange parameters, and on soluble carbohydrate concentration, mixed models with repeated-measures were used to account for the time effect on the measurements. 'Treatment' was a fixed effect and 'time' and 'measurement repetition' were random effects. Initial data exploration revealed a clear time lag of the effect of treatment on R dark and Q 10 . To account for that, data were further divided into early drought (ED; the first 3 days of a dry period) and late drought (LD; the remaining days of a dry period) groups and the effects of these groups were analysed in the repeated-measures mixed model. Similarly, the shade data were analysed for the effect of 'groups', i.e. levels of shading. Because there were no treatments in which plants were both shaded and droughted, separate models were used to analyse the effects of the shade and the drought treatments.
Results
Chlorophyll fluorescence
Measurements of F v /F m revealed that photosystem II capacity was not affected by shading or drought, with all F v /F m values remaining between 0.75 and 0.83 (data not shown); 0.83 is the estimated optimum F v /F m ratio for all green plants (Björkman and Demmig 1987) . Ground state fluorescence (F 0 ), indicative for the level of photodamage in PSII reaction centres, was not affected by the treatments.
Leaf gas exchange
During the experiment, rates of P sat and R dark declined significantly in the control plants (F = 5.18, P < 0.001; respectively F = 2.49, P = 0.008; Figs 1A and 2A ). This decline was presumably caused by a redistribution of resources from the measured leaves to developing leaves in order to optimise whole shoot photosynthetic CO 2 uptake over time (Field and ) over time for plants experiencing increasing level of shading (D), two droughtrecovery cycles (*) and control plants (&) . In panels (B) and (C) rates of P sat , expressed as a proportion of non-stressed control values are shown for shade and drought treatments, respectively. In panel (C) dry periods are indicated by grey shading and are split into early drought (ED) and late drought (LD). Panel (D) (insert in (C)) shows the similarity in behaviour of P sat (units y-axis as in (C)) of the plants during the two dry periods. Values represent the means of four replicates (AE 1 s.e.). 1983). Data for these parameters are therefore shown as the value of the treated plants, relative to that of control plants measured on the same day.
For 50%-shaded-plants, no significant differences were found between control and shaded P sat and R dark values at 25 C (Table 1; Figs 1B and 2B) . Similarly, exposure to 75% shade treatment had no significant effect on the overall rates of P sat (Table 1; Fig. 1B ). Sustained exposure to near darkness did, however, result in a significant reduction in P sat (Table 1; Fig. 1B) . The 75% shade treatment had a significant impact on R dark (Table 1; Fig. 2B) , with R dark rates in shaded leaves being reduced (t = 2.3, P = 0.023) when compared with their control counterparts (Fig. 2B) . Similarly, R dark was significantly lower in near-fully-darkened leaves compared with ambient-irradiance control leaves (t = 2.53, P = 0.012; Table 1 , Fig. 2B ). Irrespective of the severity or duration of dark treatment, R dark / P sat ratios remained relatively constant (ranging from 0.05 to 0.06).
Q 10 values for leaves of control and shade-treated plants are shown in Fig. 3A . Moderate shading (50% reduction of ambient irradiance) had little effect on the Q 10 of R dark (Table 1; Fig. 3A) . Although mean Q 10 values were initially lower in 75% shaded 
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Functional Plant Biologyleaves than in control leaves, the overall effect of this shade treatment on the Q 10 was insignificant (Table 1) . Exposure to near darkness resulted in a reduction in mean Q 10 values, when compared with the values obtained at less-intense shading, reflecting a greater proportional decline in rates of R dark at 25 C than at 14 C. Collectively, these results point to the Q 10 being relatively invariant when leaves experience shading, with large changes in the Q 10 only occurring when leaves experience sustained very low irradiances under which photosynthetic capacity is also reduced. Cessation of watering resulted in a strong decline of g s (Fig. 4 ) and concomitant reduction of P sat (ED: t = 4.45, P < 0.001; LD: t = 21.12, P < 0.001; Table 1 ; Fig. 1C ). Upon re-watering, the plants rapidly recovered both visually and in terms of measured rates of g s (Fig. 4) and P sat (Fig. 1C) ; within a few days P sat reached values of more than 80% of the values of control plants. The reductions in P sat under drought were associated with a decline in g s to CO 2 (Fig. 5) , with the decline in P sat occurring once g s values had declined below %80 mmol m À2 s À1 . Stomatal conductance was not, however, limiting photosynthesis in control or shaded leaves. Leaf R dark measured at growth temperature (25 C) also exhibited dynamic responses to drought (Fig. 2C) . Initially, exposure to drought had a slight, but significant negative effect on R dark (ED: t = 2.93, P = 0.004). However, after 4-6 days of drought, R dark increased markedly to 50-60% higher than that of the controls (LD: t = -9.92, P < 0.001) as did the R dark /P sat ratio (reaching an average of 0.83 in late drought plants). Upon rewatering R dark rapidly declined to rates similar to those of control plants (Fig. 2C) . A similar pattern, but less pronounced, was observed for R dark measured at 14 C (data not shown). This resulted in the Q 10 of R dark increasing towards the end of each drought period (LD: t = -3.25, P = 0.002; Fig. 4B ).
Comparison of photosynthetic (Fig. 1C ) and respiratory data (Figs 2C and 3B) during the two drought recovery periods indicates that leaf respiration rates recovered more rapidly than did those of photosynthesis; whereas rates of R dark and associated Q 10 values returned to control levels within a few days of re-watering, photosynthetic rates had only recovered to~80% of control values after 7 days of re-watering, resulting in elevated R dark /P sat values (data not shown). The failure of photosynthesis to fully recover during the 7-day recovery period was associated with an incomplete recovery of stomatal conductance (Figs 4 and 5).
Soluble carbohydrates and starch
Large variations in sugar concentration were observed among sampling dates, but no systematic differences were found between control plants and their shade/drought treated counterparts (Table 2) . Thus, the changes in R dark and Q 10 values (Figs 2 and 3) do not appear associated with concomitant changes in availability of respiratory substrate. Starch concentrations of shaded plants decreased significantly below that of control plants during 75% shading (t = 6.25, P < 0.001). The lowest starch concentration was measured in near darkness, but the significance of this could not be calculated for lack of control starch values in that period. Starch concentrations were also significantly reduced during drought (LD: t = 4.19; P < 0.001; Table 2 ). In control leaves, the ratio of starch to sugars was tightly constrained, but this ratio declined with increasing severity of drought and shade (Table 2) . 
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Discussion
This study was aimed at assessing whether severe shade and/or transient drought have the potential to alter the temperature sensitivity of leaf dark respiration, using G. urbanum as a model species. At the outset of the study, the hypothesis was that the Q 10 of R dark would decrease in response to shading and drought treatments, as both treatments markedly reduce rates of net carbon gain by photosynthesis with potential consequences for respiratory substrate supply. Although rates of R dark (measured at 25 C) decreased in response to shading (Fig. 2B) , the Q 10 of R dark only decreased when leaves experienced near darkness for sustained periods (Fig. 3A) . Moreover, the Q 10 of R dark actually increased in plants experiencing extended and severe drought (Fig. 3B) ; this increase in the Q 10 was underpinned by the drought-induced increases in R dark measured at 25 C (Fig. 2B ) being proportionally greater than those measured at 14 C (data not shown). Clearly, these results do not support the initial working hypothesis. Nevertheless, they highlight the potential for severe changes in the abiotic environment to alter respiratory Q 10 values, particularly in plants experiencing the rapid onset and subsequent recovery from drought.
What mechanisms might be responsible for the increase in rates of R dark measured at 25 C and the Q 10 following the onset of drought (Table 1; Fig. 2 ) when plants exhibited markedly reduced stomatal conductance and had visibly lost turgor? The rise in respiration rate during stomatal closure and desiccation could be due to increased rates of ATP turnover (with the result that adenylate restriction of respiration would be reduced) associated with repairing protoplasmic damage caused by water loss (Öpik 1980; Collier and Cummins 1993; Yordanov et al. 2000) and/or higher demand for ATP associated with protein turnover and ion transport (Zagdanska 1995) . As the concentration of starch dropped during periods of reduced photosynthetic capacity, and respiratory substrate concentrations were maintained, we propose that dehydration of leaf tissues increased the ATP demand, and that the shift in starch to sugar equilibrium enabled R dark to rise during drought in order to meet the increased demand for mitochondrial ATP. Conversely, we propose that the rapid decline in R dark and associated Q 10 values during the two drought-recovery periods (Figs 2C and 3B) indicates that the demand for ATP declines rapidly upon rewatering. Interestingly, past studies have concluded that whereas the chloroplastic ATP synthase is a primary target of dehydration (Tezara et al. 1999) , mitochondrial ATP synthesis is not easily compromised by water stress (Atkin and Macherel 2009) . Mitochondrial respiration thus appears to play a crucial role in drought tolerance (including maintaining the functionality of chloroplasts during water stress events), with the results that plants are better able to resume growth as drought recedes (Atkin and Macherel 2009) .
The frequency and intensity of droughts is likely to increase around the globe as a result of ongoing climate change (IPCC 2007) , with limited periods of drought playing an important role in determining the survival of woodland plants during the early developmental stages (Engelbrecht et al. 2006) . Drought invariably results in reduced rates of photosynthesis. Similarly, it is commonly assumed that water stress will result in reduced rates of plant respiration . Indeed, a recent review has highlighted the fact that drought stress almost always inhibits R in actively growing roots, and whole plants, in plants grown under controlled conditions (Atkin and Macherel 2009) . However, in fully-expanded, mature leaves the response is more variable, with some studies reporting sustained or transient increases in leaf respiration during the onset of severe water stress (Galmés et al. 2007; Atkin and Macherel 2009) . Moreover, in a recent global survey of leaf R dark rates at set measuring temperature (25 C), Wright et al. (2006) found that at a given specific leaf area value, the average rates of leaf R dark were highest in plants growing at high-irradiance, low rainfall sites. The current results suggest that along-side drought-induced increases, in leaf R dark might be an increase in the Q 10 of R dark . Given the importance of Q 10 for modelled rates of ecosystem and global CO 2 exchange (Wythers et al. 2005; King et al. 2006) , drought-mediated increases in the Q 10 , if widespread, would have the potential to greatly increase estimates of global plant R and concomitantly decrease net primary productivity (photosynthetic carbon uptake minus autotrophic respiration). For this reason, it is essential that future work determines the extent to which drought-induced increases in the Q 10 of leaf R dark are widespread, particularly under field conditions in the dominant biomes on earth.
The finding that neither the shade nor drought treatment reduced the concentration of soluble carbohydrates supports previous work reporting homeostasis of soluble sugar concentrations (Lawlor and Fock 1977) . Similarly, Ghashghaie et al. (2001) reported no decline in soluble sugars at the onset of drought, despite significant reduction of photosynthetic rates in Nicotiana sylvestris L. and Helianthus annuus L., and RibasCarbó et al. (2005) reported little effect of water stress on the concentration of soluble sugars in soybean (Glycine max. L.) leaves. Under field conditions, sugar concentrations have also been found to be similar in full sun and shaded leaves (Whitehead et al. 2004; Zaragoza-Castells et al. 2008) . Given that shade and drought both reduce rates of net CO 2 fixation, why is it that sugar concentrations remain constant? One possibility is that progressive degradation of starch in shaded and drought treated leaves (Table 2 ; Whitehead et al. 2004; ZaragozaCastells et al. 2008 ) is responsible, with starch conversion to sugar enabling sugar concentrations to remain constant (and with the result that respiration is unlikely to be substrate limited in shaded and/or droughted leaves). Declines in starch concentrations in order to maintain sugar concentrations could also help leaves maintain low osmotic potentials under water stress conditions (McCree et al. 1984) . Indeed, in a controlled laboratory study of water stress in G. urbanum, Ladley (1990) concluded that osmoregulation was the primary mechanism in G. urbanum for combating drought stress.
Even though the ratio of starch to sugars was near constant in control plants (Table 2) , the absolute concentration of soluble sugars (expressed on a dry mass basis) was variable among control plants not subjected to drought or shade treatments (Table 2 ). Why was this? A major component of total dry mass was starch, which at its' peak represented nearly 10% of dry mass (Table 2) . As starch concentrations were themselves highly variable, variations in sugar concentrations in control plants could reflect, in part, variations in the underlying components of non-structural dry mass. However, when corrected for variations in starch concentration (via normalising data relative to the maximal concentration of starch exhibited by control plants), sugar concentrations remained highly variable among the control plants (data not shown). Similarly, although sugar concentrations could potentially respond to variations in daily quantum input, the fact that sugar concentrations did not respond to shade and/or drought suggests that daily fluctuations in sugar concentrations were not dependent on variability in day-to-day irradiance within the glasshouse. It is, therefore, not clear why sugar concentrations varied through time in the control plants.
Despite the fact that the concentration of soluble sugars remained relatively constant in drought treated and shaded leaves, changes in the rate of R dark did occur, both in the shade and drought treatments. In the case of the shade treatment, R dark decreased (Fig. 2) . Recently, Keech et al. (2007) found that when whole Arabidopsis thaliana L. plants were darkened, the plants went into a 'stand-by mode' and maintained metabolic machinery, but the capacity of mitochondrial respiration was reduced. Moreover, Noguchi et al. (2001) found that overall respiratory capacity was reduced in Alocasia odora (Lodd.) Spach. leaves that experienced deep shade and that there was an increase in adenylate control of leaf respiration in the shade. This suggests that the deeply-shaded G. urbanum plants may have experienced a similar decline in respiratory capacity and/or adenylate restriction, and that one or both of these factors, rather than a decline in substrate availability were responsible for reduced rates of R dark and Q 10 values following prolonged near-darkness (Table 1) .
The rate of development of a stress factor will affect the leaf respiratory response (Cannell and Thornley 2000) . The gradual intensification of shading on this shade tolerant species clearly initiated a different physiological response than the sudden cessation of watering. In these experiments the plants were able to recover even after they had lost turgor. In the longterm, production of photosynthates will determine whether or not a positive carbon balance can be maintained. The increased R dark /P sat ratio during severe water stress indicates that the carbon balance of these plants was severely and negatively impacted by the treatment. A prerequisite for growth and survival of plants is the maintenance of a positive net carbon balance, so the ability of the photosynthetic apparatus to recover from stress conditions is essential. It has been shown that the activity of PSII is rapidly impaired by drought (Boyer and Younis 1983) but that PSII capacity, expressed by F v /F m , is not changed even by severe drought (Cornic et al. 1987; Genty et al. 1987) . Photosynthesis during drought is largely controlled by stomatal closure (Fig. 5) and not by damaged photosynthetic machinery (Flexas et al. 2006) . This allows plants to respond rapidly to changes in water availability. The plants indeed recovered after rates of photosynthesis had dropped significantly (Figs 1 and 4) . Measurements of chlorophyll fluorescence confirm that PSII capacity was not affected by the treatment and that there was no damage to PSII reaction centres in the chlorophyll (Björkman and Demmig 1987) . Maintenance of respiratory activity during water stress is likely to be crucial to the recovery of photosynthesis, with energy transfer between mitochondria and chloroplasts helping to maintain redox homeostasis and favourable energy levels under water stress (Atkin and Macherel 2009 ). In doing so, continued respiration during drought may help protect the functionality of chloroplasts, thus ensuring rapid recovery of carbon gain upon rewatering (Atkin and Macherel 2009) .
The measurements of R dark were obtained following darkening of leaves for 30 min towards the end of the daytime photoperiod. After 30 min of dark treatment, post-illumination transients (e.g. the initial photorespiratory post-illumination burst and subsequent light enhanced dark respiration) have past . With time, however, there is potential for R dark to decline if substrate supply and/or ATP demand decline during the night. Some studies have reported large night-time reductions in sugar concentrations (Azcón-Bieto and Osmond 1983; Turnbull et al. 2002) ; however, in nature, sugar concentrations are often high (e.g. Atkin et al. 2000) suggesting that substrate limitations are unlikely to limit night-time fluxes of R dark . Indeed, in a recent field study it was found that rates of Quercus ilex L. leaf R dark measured at a common temperature were the same during the day and night . Moreover, given the constancy of sugar concentrations even after shade and droughtinduced changes in carbon gain by photosynthesis (Table 2) , it seems unlikely that R dark would exhibit substantial substrateinduced declines over the course of a night. The possibility remains, however, that rates of R dark might differ in the night and day, particularly if there is a high demand for ATP during the night to support phloem loading, as reported by Bouma et al. (1995) . Even if that was the case, this study provides important insights into the potential effects of drought and sustained darkness on the Q 10 of R dark . In future experiments assessing the effects of abiotic stresses on the Q 10 of R dark under field conditions, attempts need to be made to determine whether the extent of a treatment effect differ depending on the time of day when temperature responses are quantified.
This study focussed on the impacts of water stress and shade on the short-term temperature dependence of leaf R dark ; no consideration was given to potential impacts of drought/shade on responses to long-term changes in leaf R dark (i.e. thermal acclimation). There is growing evidence that most plant species are capable of acclimating to long-term changes in temperature , with the result that rates of respiration at a given temperature are lower in warm-grown plants compared with their cold-acclimated counterparts (Atkin and Tjoelker 2003) . Underpinning the acclimation process are dynamic changes in the abundance of individual mitochondria , protein composition and gene expression (Vanlerberghe and McIntosh 1992; Ito et al. 1997; Gonzàlez-Meler et al. 1999; Armstrong et al. 2008; Watanabe et al. 2008) and portioning within the mitochondrial electron transport pathway. Over wide spatial scales, acclimation has the potential to substantially increase and decrease modelled rates of respiration in cold and hot climates, respectively . However, ultimately the actual impacts of acclimation on ecosystem-level CO 2 fluxes could depend on the extent to which other abiotic factors (particularly drought) impact on thermal acclimation. Crucially, studies addressing the question of how drought impacts on longterm temperature responses of leaf R dark are lacking.
In conclusion, the data demonstrate that the short-term temperature dependence of leaf R dark in G. urbanum can be highly dynamic when plants are subjected to extreme changes in water availability and growth irradiance. Although few fieldgrown plants experience the rapid reductions in growth irradiance used in this study, many are subjected to rapid onset of severe drought. Thus, while these results are not necessarily indicative of changes in Q 10 values that occur in nature, they provide strong evidence of the potential for Q 10 values to vary in response to changes in the abiotic environment. Having identified potential for dynamic changes in the Q 10 in response to two abiotic treatments, it is incumbent on plant ecophysiologists, to determine the extent to which variations in water availability and/or growth irradiance actually impact on the temperature sensitivity of respiration under field conditions, and the mechanisms underpinning stress-induced changes in the Q 10 . Only with an understanding of the extent and magnitude of stressinduced changes in Q 10 values can we more accurately predict the impacts of future climate change on ecosystem carbon exchange (Wythers et al. 2005) .
